Abstract: This paper presents a fuzzy logic control for the navigation of a mobile robotic system in gas pipelines. The robotic system is designed for a local gas distribution pipeline network with 150-300 mm diameter pipes; common pipe ttings in use are straight and bend sections, reducers and slope pipe sections. The navigation problem forms a part of the current development of a new modular and semi-autonomous vehicle system. The vehicle control and navigation technique is implemented using a two-mode controller consisting of a proportional-integral-derivative (PID) and fuzzy logic control. The PID controller is responsible for direct control of the actuators, while the fuzzy logic controller is used to evaluate as well as to de ne the sensor outputs such as speed, climbing angle and rate of climbing angle in order to perceive the di erent types of pipe environment and vehicle actions. Since the navigation problem involves a multivariable input-output (MIMO) system, a cascaded hierarchical fuzzy model con guration is used to reduce the dimensionality of the fuzzy model. The fuzzy navigation controller is thus an interlink fuzzy subsystem of the pipe environment recognition and action adjustment subsystems. Results of simulations and laboratory experiments are presented to demonstrate the ability of the control strategy. A brief description of the mobile robotic system used is presented as background.
issues on powering such systems, autonomous versus Currently, in-pipe locomotion seems to be the major mobile robotic system [18] in section 2.1 and the navigational issues in section 2.2. The proposed navigation focus with research work carried out by researchers in this eld [2] [3] [4] [5] [6] . Most of the authors describe various strategy and the design of the navigational controller are given in sections 3 and 4. Both simulation and expermechanical designs involving wheel-driven con gurations and legged, inch-worm and crawler mechanisms.
imental test results showing the ability of the fuzzy controller are presented in sections 5 and 6. The developed robotic systems are claimed to be able to overcome a certain range and type of pipe environment. They are all remotely controlled by an operator. A logi-2 IN-PIPE ROBOTIC SYSTEM cal development of current work would lead to the ability of self-navigation. This would o er advantages 2.1 The robotic vehicle such as time saving and operation e ciency.
For humans, the ability to navigate is eminent. For Currently available in-pipe robotic systems are teleopermobile robotic systems, however, navigation in a realated, which therefore represents, at best, fairly simple world environment is a complex and challenging task.
control techniques [19] . Hence, these systems are built Generally speaking, a robot has to make decisions about with complicated mechanisms to allow motions within the actions it should take in each time-step, considering the pipe environment. In contrast, the authors have the information obtained from its sensors about the developed a simple di erential drive wheeled-type environment state. This requires processing of sensory robotic vehicle [18, 20] to demonstrate an intelligent inputs to provide appropriate outputs according to how control approach to in-pipe locomotion. The robotic the operator wants the robotic system to behave. To system consists of a cylindrical chassis with two indepenperform this task, many control techniques can be used, dently powered wheel assemblies mounted on each side such as linear transfer functions, expert systems, neural of a common axis. This enables the robotic vehicle to networks, fuzzy systems and others [7] [8] [9] [10] [11] .
drive straight ahead (i.e. no speed di erence between the The goal of this research is to nd a controller techtwo sides), curve or turn (i.e. with speed di erence). The nique that, given the parameters of the robotic system schematics of the in-pipe robotic vehicle are shown in and sensory data, delivers suitable actions for the robot Fig. 1 . The vehicle dimensions are 152 mm in length and to navigate within the pipe environments. At the 114 mm in diameter. The robotic vehicle has integrated moment, as far as is known, no such control strategy optical encoders and a tilt sensor to o er real time inforfor in-pipe robotic systems exists. Nevertheless, open mation about the states of the system as well as the space mobile robot navigation strategies are widely abstraction of the pipe environment. available and present related insights for constrained in-pipe environment navigation. One of the commonly used techniques for robot navigation is Landmark 2.2 Navigation issues Navigation, in which the robot recognizes the environment and orientates towards it [12] [13] [14] . This method is
The use of the simplistic di erential drive system produces an area of concern. Since the wheels, motors and known to have a trade-o between computation complexity and execution time [15] . Another possible navigearing systems may not match, vehicle movement may result in a veering action to either the left or right. gation technique is Navigation by Map [16, 17] . However, the method may not be suitable as it is hard Calibrating the motors and wheels to rotate at the same speed may not necessarily solve the problem as the to obtain a proper and informative pipeline construction layout for many existing installations. wheels themselves may encounter di erent surfaces and loads. Controlling the individual velocity of the wheels The approach adopted here is to have the behaviour of the robotic vehicle expressed in fuzzy rules and to dynamically, i.e. monitoring and altering the speeds of the wheels, must be done while the vehicle is driving. apply these rules continually in order to produce an appropriate reaction in the face of a changing environThis form of control can be easily implemented using a proportional-integral-derivative (PID) controller, formment. By adopting such a strategy, the operator only needs to specify the desired settings of the robotic ing a low-level part of the navigation control strategy. However, the environment must be identi ed to allow system. A set of linguistic rules is used to guide the vehicle through di erent pipe ttings, performing accurate vehicle speed control. As such, the robotic vehicle is required to employ higher level, intelligent necessary adjustment to its states.
This paper addresses the issues of pipe ttings recogreactive type sensors and control strategies. There are three recognized problems in motion control nition and navigation control for an in-pipe mobile robotic system by a fuzzy logic technique. The fuzzy of mobile robotic systems in pipelines [21] . Firstly, the underground pipeline environment is not completely logic controller developed for this system consists of a hybrid of cascaded and hierarchical evaluation of fuzzy known. Secondly, this environment is only partially observable. Finally, the action of the robotic system may rule sets to carry out two stages of a navigation inference process. For clarity, the paper also brie y describes the not be executed correctly. It is clear that a robotic vehicle in gas pipelines faces environment variability and uncerof rules that de ne the robot's actions given the environmental constraints is one of many valid approaches. tainty. In this particular research context, these factors indicate that the design of the control technique has to Fuzzy logic is able to perform di erent levels of abstraction and interpretation of sensor information, based on be carefully selected and planned to handle the wide variety of encounters and problems in the pipeline sets of rules and defuzzi cation calculations, and to output control signals to the robotic system. Thus, the environment.
As a whole, the complexity of the control mechanism navigation control strategy for this self-navigation in-pipe robotic system is focused on: is traded o due to the complexity of the pipe environment and the simplicity of the robotic system used.
(a) motion control that guarantees robust navigation in Nonetheless, the end result should prove to be a reliable spite of a limited knowledge of the environment, e.g. and cost e ective trade-o . allows climbing to avoid pipe take-o s and obstacles; (b) recognition of several possible pipe ttings in order 3 CONTROL STRATEGY to allow the robotic vehicle to carry out smooth movement; The capability of representing uncertain or imprecise (c) coordinating the actions of the robotic vehicle when knowledge about an environment as well as motion plancertain pipe ttings are encountered. ning for the robotic system in the environment are very important for any self-navigating robotic system. A set
The controller developed in this research is focused in its scope in order to provide an e ective vehicle motion The robotic vehicle motion can be measured and is directly related to the driving speed, V, obtained from control in the gas pipeline environment, which is characterized by speci c constraints. The navigation controller the vehicle left and right speeds (V R and V L ), and its climb angle, h. The three states are referenced to the scheme is shown in Fig. 2 .
In Fig. 2 variable involves the vehicle climb angle rate dh/dt, which provides further information on pipe environThe main roles of the fuzzy logic algorithm are to recognize types of pipe ttings, measure vehicle actions and ment, particularly di erent types of bend sections as the robotic vehicle is driving through them. decide whether further corrective action is needed. The corrective action, provided by the 'action control signal Referring to Fig. 3 , which represents a simpli ed planar motion of the vehicle system, a velocity di er-A v ', is necessary when the vehicle encounters pipe ttings and when there is undesired drift. The right and left ence,
, causes an unequal travel distance between the driving wheels. The following speeds and climb angle are therefore adjusted to negotiate pipe ttings and also avoid drift. The fuzzy logic equations describe the motion in straight pipes:
NAVIGATION CONTROLLER
Execution of the navigation controller is implemented such that:
1. Any demand on speed and climbing angle input by the operator should be met. 2. The pipe ttings recognition algorithm should always be active but should not a ect the normal operation of the vehicle navigation controller.
The rst criterion can be achieved by a PID control algorithm. The second criterion requires high-level fuzzy logic navigation control and pipe ttings recognition to be integrated in order to prevent con icts. Therefore, as a requirement, the control architecture should support parallel execution of several low-level programmed processes [e.g. pulse width modulation ( PWM ) regulation or sensor sampling] and high-level tasks (e.g. navigation or optimization of actions).
Fig. 2 The navigation controller scheme
Instead of causing a heading direction error (i.e. turning ment and vehicle actions, as can be observed from the simulation and experiment results in sections 5 and 6. left or right), such as in open space navigation, the di erence in the distance travelled by the left and right This approach takes the general form: sides, given by ¢S L and ¢S R , will cause the robotic
, then environment is z 1 vehicle to climb up the pipe wall. This will result in the · · · climb angle h ë0. However, it is necessary for the left R j : If environment is z 1 and X 3 is x 3 , then action is z 2 and right speeds of the vehicle to be di erent in order · · · to negotiate pipe bends. This will result in the vehicle where climbing the pipe wall around the bend. The climb angle X 1 , X 2 , X 3 =input variables (e.g. X 1 =¢V ) is a function of the bend geometry and the size of the x 1 , x 2 , x 3 =fuzzy elements of input variables vehicle. Such characteristics of the robotic vehicle drive X 1 , X 2 , X 3 and pipe environment are important in forming the basis z 1 , z 2 = fuzzy rule consequents of the fuzzy navigation technique. The fuzzy navigation needs, rstly, to deduce the pipe environment from sensory data and, secondly, to apply corrections (A v ) to 4.2 Pipe ttings recognition fuzzy identi er current vehicle actions.
The pipe ttings recognition identi er is responsible for interpreting optical encoder and tilt sensor data, in terms of ¢V, h and dh/dt, into types of pipe ttings the vehicle 4.1 Fuzzy rules reduction is moving in. Initially, simpler fuzzy membership funcThe vehicle fuzzy navigation system is a multivariable tion sets for each variable were used, consisting of 9 input-output (MIMO) system, with three state inputs membership functions for both the measured speed and two outputs. A well-known problem in fuzzy logic di erence and angle rate and 11 membership functions is that the size of the fuzzy controller depends heavily for the desired climb angle. The quantization of the on the quantity (number of variables) and granularity membership functions is based on the analysis of the (number of membership functions per variable) of the motion equations and sensor data obtained empirically. system [23] . The expressive power of fuzzy logic Although these initial membership function sets prodecreases with the increase in the rules dimension. In duced an acceptable abstraction of the pipe environearlier work [24] [25] [26] rule reduction in fuzzy systems has ment, there were a few inadequacies. For example, the been attempted via genetic algorithms, neural networks initial fuzzy membership functions did not provide accuand a variety of clustering techniques. These techniques rate di erentiation on the pipe environment when the can learn to select only those rules that contribute the vehicle was driven at a slower speed. In order to provide most to the inference outcome. Also, another approach a better pipe ttings recognition ability at slower vehicle is to use the disjunctive form of the conjunctive rule in speed, as well as fuzzy validation for a wider range of the if-then rules [27] .
input variable values, a set of 19 membership functions A less complicated technique, using a cascaded hierhas been used. These membership functions are grouped archical fuzzy system con guration, is introduced here closer together around the zero climb angle rate to proto reduce the rules dimensionality for this navigation vide closer detection of small angle rates when the vehicle application. The con guration is constructed by interis driven at a slower speed within bend sections. connecting multivariable input-single output (MISO) Improved control can also be achieved by narrowing the fuzzy subsystems in a hierarchical and cascaded strucrange of each membership function and providing more ture. In such a case, an output of one MISO subsystem membership functions in the measured speed di erence becomes an input to the subsequent MISO subsystem, and desired angle. As a result of further tuning, the nal such as depicted in Fig. 4 . The fuzzy model now has two membership functions are: 13 membership functions for second-order subsystems rather than being a third-order the measured speed di erence, 11 membership functions model. The MIMO system is conveniently written as a for the desired angle and 19 membership functions for logical combination of several MISO subsystems for easy the angle rate. The nal fuzzy input membership funcprocessing. In addition, this con guration clearly shows tion sets for the controller are shown in Fig. 5 and their the strong relation between the inferred pipe environrespective linguistic descriptions are given in Table 1 . The linguistic descriptions take words/sentences as values so that they can be used in forming fuzzy rules. The outputs of the inference results are crisp values representing the pipe environment types, as shown in Fig. 6 . The interaction between the input-output variables is expressed as fuzzy if-then rules. Eventually, the defuzzi cation process maps the fuzzy outputs into algorithm for the Takagi-Sugeno fuzzy model is the lapping is applied at zero proximity in the angle rate variable, to provide a more accurate control at a slow weighted average method, which produces the average value of all the consequents of the activated inference driving speed. The percentage of overlapping satis es the sum-to-one (or less) rule, which states that the sum of rules with respect to the total of membership degree [28] :
all points through the overlapping fuzzy membership functions should be equal to or less than one [29] .
where
Vehicle action fuzzy controller n=number of output sets
The cascaded hierarchical fuzzy evaluation has several w i =degree of membership of the ith fuzzy rule advantages in the robotic system control ability. Firstly, z i =singleton value of output sets i it allows the reduction of the rules dimensionality, as A set of 36 rules is formed to describe the environmentioned previously, since there are a large number ment. Some examples of the environment recognition of input variables and membership functions in each rules are as follows:
variable. Secondly, it allows the use of a further state variable in conjunctive form with the pipe environ-(a) R 11
: if angle rate is zero and speed difference is not ment identi er outputs, thus producing a more accurate zero, then environment is straight vehicle action inference. Thirdly, the method produces (b) R 21
: if angle rate is positively small and speed differless discontinuity results since the crisp values of the ence is positively medium, then environment is inferred environment outputs are fuzzi ed for the vehicle 30deg bend action inference process. (c ) R 31
: if angle rate is negatively small and speed differThe control of the vehicle motion within the pipe ence is negatively small, then environment is environment is highly dependent upon the pipe ttings, bend which can be distinguished using the vehicle speed and (d ) R 41
: if angle rate is somewhat positively large and tilt measurements. The input variables (measured angle speed difference is positively large, then environand environment type) to the vehicle action fuzzy subment is 90deg bend system are shown in Fig. 7 . There are 11 membership functions for the measured climb angle input and 10 It can be seen from the fuzzy input variables in Fig. 5 that the triangular membership functions overlapping membership functions for the environment input. The latter membership function set is obtained using the pipe areas play an important part in the inference process. The overlapping areas in fuzzy membership function sets ttings recognition algorithm. Table 2 gives the linguistic descriptions for both sets of membership functions. ensure that multiple rules will be executed, which means that any changes in the input states are detected and There are six outputs from the action fuzzy controller as shown in Fig. 8 . handled, thus keeping track of the environment changes. The sets are symmetrical about zero and are overlapped
There are a few ground rules on which the vehicle action if-then rules are based. The rst one is the steady at approximately 25 per cent. However, 10 per cent over- 90deg bend, then action is turning and speed di erence, the fuzzy controller has to decide whether the behaviour is desirable by checking with the Example rule (a) allows the PID controller to maintain the vehicle's motion according to operator inputs since inferred environment. If it is allowed, the fuzzy controller produces an adjustment value in-line with the inputs.
the vehicle is in a straight pipe and drifting action that causes swaying motion is not desired. Rules (b), (c ) and Similarly, when the action is not suited to the current environment, the fuzzy output reverses the vehicle action (d ) allow the fuzzy controller to produce the appropriate control signal to govern vehicle actions. Example rule by adjusting the speed and climb angle back to the desired value. This is according to the 'changes not per- (b) indicates that the vehicle is entering a 30°bend. Example rule (c) prepares the vehicle to correct to its mitted' principle. Vehicle action corrections are achieved by adjusting the driving speed at each side to maintain original orientation as it exits the bend. Example rule (d ) gives a 'turning' control signal to the vehicle in a position, restrict climbing angle or allow climbing.
Four of the example rules are given below. These are 90°bend.
SIMULATION RESULTS
pling. The speed has also been limited to re ect the maximum speed of the vehicle. Figures 12 and 13 show two case studies of a recognition process for pipe ttings. In To demonstrate the performance of the fuzzy navigation the rst case, the vehicle is driven through a 200 mm controller, a series of pipe ttings have been modelled diameter straight pipe section, followed by a 15°bend, in MATLAB, as illustrated in Fig. 9 . A few virtual pipea 45°bend, a 60°bend and a 90°bend. The pipe ttings line con gurations, such as the ones shown in Fig. 10 , recognition fuzzy inference output in Fig. 12 shows a have been built from the modelled pipe sections.
distinctive and consistent recognition of all the pipe tThe navigation controller scheme for simulation is tings. The control surface in Fig. 12 illustrates the shown in Fig. 11 . Two user inputs, i.e. input forward/ detected transitions of the various pipe sections across reverse speed and climb angle, can be set. The 'input the valid range of speed and angle rate. The fuzzy inferangle' is used by the operator to move the vehicle up the ence outputs for a 45°bend and a 60°bend vary slightly side of the pipe wall to avoid obstacles and pipe takefrom the desired values at a lower vehicle speed. These o s. It is not used for negotiating bends as this is done slight variations may be due to sensitivity and damping automatically without the user's input. A detailed fuzzy settings of the tilt sensor, which in turn will in uence the subsystems con guration of the fuzzy inference system interpretations of the fuzzy controller. The tilt sensor is shown in Fig. 11b .
sensing is based on a spirit level principle. Nevertheless, the sensor e ect has been dampened by the triangular membership functions and the inference outputs are well 5.1 Pipe environment recognition simulations within the correct range for each type of tting. For the simulation tests, the maximum range of tilt angle Figure 13 shows the simulation results of the vehicle driving through a straight pipe, followed by a 15°is set to ±30°. This is to prevent the vehicle from top- for when the vehicle goes up or down a sloped pipe. However, the gradual gradient of the 'climb slope' action Similar to the previous case, the transition from the indicates a slightly longer response time. The correction straight pipe to the 15°horizontal bend is indicated by action signal in the block diagram of Fig. 11 is computed a positive gradient and the 15°vertical slope is indicated from the 'action' type output and the vehicle speed to proby a change in gradient, in this case a negative gradient.
duce the correction in left and right speed levels. Both upward and downward slopes give the same results.
It should be noted that the degree of overlapping of The gradient denotes the sensitivity of the inference promembership functions in the environment input to the cess to the variations of the input values.
action controller (as shown in Fig. 7b ) plays an important part in the way that they provide the continuity associated with the segmentation and classi cation of an 5.2 Robotic system motion control simulations otherwise discrete input. Therefore, it can be said that Figure 14 shows the vehicle action responses as it drives the overlap property is not an artefact of fuzzy reasoning through various pipe ttings. The control surface contour but re ects the actual nature of the fuzzy sets underlying in Fig. 14 shows a smooth transition between di erent the variable's domain. types of vehicle action. For example, the surface contour for the vehicle 'turning' action in a 60°bend shows a 6 EXPERIMENTAL RESULTS AND DISCUSSION smooth transition of the action type, starting from the 'climb up' action as the vehicle enters the bend to 'turning' while the vehicle is in the bend. Another smooth action Given these encouraging simulation results, it is then feasible to implement the hierarchical fuzzy navigation type output that can be observed is the 'climb slope' action FUZZY LOGIC CONTROL FOR USE IN IN-PIPE MOBILE ROBOTIC SYSTEM NAVIGATION In the experiments, the robotic vehicle is required to carry out sensor-based navigation in the pipe con guris implemented into the layer of an operating graphical user interface (GUI ) on a separate computer. The GUI ation, as shown in Fig. 15 , i.e. to navigate: allows the operator to the input desired speed and climb angle of the vehicle. The software performs fuzzy infer-(a) from location A to location B and ence processes in the background while the sensor data (b) from location B to location C. are being updated. The PID controller is implemented on-board the robotic vehicle for motion control, i.e. to Location A to B consists of a 200 mm diameter straight pipe, followed by a 90°bend. From location B to C is minimize speed and climbing angle errors. A microcontroller board (using a PIC16F876 processor) was a 200 mm trunk line with a side take o in the midsection and an expander/reducer placed at the end. designed and used to implement the PID control algorithm.
Additional experiments have been carried out involving controller with appropriate speed di erence adjustments. As soon as the environment fuzzy controller determines that the pipe section is a 90°bend, the action control signal reaches the 'turning' steady state value. The gradual change is important because if the vehicle is given the 'turning' control signal too soon, it is likely to get stuck in the bend section. The action type fuzzy inference outputs during the exiting of the vehicle from the bend are the opposite reasoning as for the entrance. The e ectiveness of the navigation fuzzy controller is demonstrated in Figs 17 and 18 . Figure 17 shows the vehicle entering a 90°bend section from the zero angle position with a slight climb angle and Fig. 18 shows the vehicle in the middle of the bend section with a larger climb angle.
In the second experiment the robotic system is driven examination of the pipe con guration shows that they (c ) the accuracy of the environment interpretation and refer to the connecting anges on the pipe T-junction vehicle motion control.
section and the reducer section, which produce 15 mm In Fig. 16 , the vehicle starts at A and moves along a steps at the connections. The environment type identi er straight pipe section before entering the bend section at regarded the steps as an approximation of a 15°bend P1. The 90°bend is detected less than 1 s after the vehicle and the action controller responded as 'climb up'. It is enters the bend. This is equivalent to approximately 6 cm noted also that the environment type identi er output into the bend and before the turning point. The environregards the reducer section as a straight pipe section, ment fuzzy identi er interpreted the entry of the bend and the possible corresponding vehicle actions are as a gradual change of bend types, as can be observed 'moving' and 'drift'. In this case, the action type fuzzy from the rising slope in the gure. As de ned previously controller interprets these actions as 'moving', i.e. no in section 4.3 and shown in Fig. 8 , action type 8 is shown adjustment in speed, since the climb angle and angle rate for the vehicle moving in the straight pipe section and are either very small or zero. action type 2 is shown for the vehicle entering the bend. Figure 20 shows the environment and action types for A gradual change in action type is observed during the the robotic vehicle driven in a 15°inclined 250 mm diamentry of the bend. The action type fuzzy controller intereter straight pipe. It can be seen that the inclined pipe section is not immediately detected. At the entrance of prets such action type levels and provides the vehicle of the fuzzy navigation system. A larger diameter pipe was used, which reduces the constrained space. There is more 'drift' in this type of environment, as appropriately the pipe section, the environment type identi er prodetected by the action type fuzzy controller shown in duced a defuzzi ed value of a straight pipe section, and Fig. 21 . The variations of the vehicle states were not the action type is given as a 'moving' signal. As the large enough to cause the environment type identi er to robotic vehicle moved further, the navigation controller detect other types of environment other than a 'straight' subsequently produced the correct combination of pipe section. environment and action types for a straight pipe. Hence, the left and right speed settings of the vehicle are not changed by the fuzzy inference system since the 'climb 7 CONCLUSION slope' action type produces a zero speed adjustment.
In the nal experiment, the robotic vehicle was driven at approximately 14 cm/s, which is twice as fast as in the As can be seen from the fuzzy navigation responses as well as from the robotic vehicle actions in simulation rest of the experiments. The aims were to observe the actual vehicle behaviour as well as the overall response and experimental tests, the fuzzy navigation system has FUZZY LOGIC CONTROL FOR USE IN IN-PIPE MOBILE ROBOTIC SYSTEM NAVIGATION been proven to work well. The navigation control stratstrategy is that it does not maintain or depend on environment models such as visual data. Creating and egy, as a whole, can be categorized as a reactive control system with a 'sense-interpret-act' control cycle. This processing a representation of the environment in such a way is a time consuming and error-prone process. means that the robotic system motion is adjusted through a knowledge of the environment. This methodInstead, as shown in the paper, the robotic vehicle system reacts directly to the environment stimuli presented by ology provides a more rapid and exible response, which is attainable through a hybrid of traditional and intellia tilt sensor and optical encoders. A fuzzy model con guration, termed the 'cascaded gent methods of control. The usefulness of this control their reliability by using a simpler mechanical drive.
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